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PROPELLER BLADE STRESSES CAUSED BY PERIODIC
DISPLACEMENT OF THE PROPELLER SHAFT*

By J. Meyef“

'SUMMARY

The present reports decal with different vidbration
stresses of the propeller and their removal by an elastic
coupling of propeller and engine. A method is described
for protecting the propeller from unstable oscillations;

! and herewith. from the thus—excited alternating ngoscoplc
! moments. The respective vibration equations are set down
and the amount of elasticity required is deduced.

INTRODUCTION

One effective means of safeguarding the propeller
against olternating bending moments is the elastic union
of engine and propeller. However, such a design, satis=-
factory under any and all conditions, does not exist at
the present time, because of the coastructional difficul-
ties involved. Propeller blades hinged from all sides in
the maaner of helicopter rotor bleades would be on ideal
solution (reference 1). But because of the high loading
imposed orn the hinges this method is not.at once prac-—-
ticable on normal blades.’

To reduce, in prrticular, the coupling betwveen pro-
peller bending stresses and crankshaft torsional vibrations
the flexible torque drive has been developed as a partly
elastic comvination., And, since the torsional vibrations

$tDie Beanspruchung der Luftschraubenfligel bei periodischer
Verlagerung der Schraubenwelle.™ Luftfahrtforschung,
vol, 18, no., 11, ¥ov. 20, 1941 pp. 383-386.,
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of the crankshafts themselves have been successfully over-
come by dampers and centrifugal pendulums the danger of
overstressing a propeller by blade vibrations which should
hold a erankshaft torque in balance, may be regarded as
non-existing in many cases.

Lately, however, there have been cases of propeller
failure which were obviously caused by pitching motions
of the whole engine. The motion of the propeller, as a
whole, can be divided in a displacement within the plane
of the propeller disk and in an unstable vibration abdbout
the center of gravity of the propeller, while the former
produces mass forces and moments within the plane of the
swept disk, the latter creates alternating gyroscopic
moments at right angles to the former so that both combined
may induce natural bending vibrations in the blades.

These phenomena have been studied extensively in the U. S.
(reference §5). The excitation of these vibrations 1is due
to gas and mass forces on the engine side or to air loads,
as, for instance, when the blades miss in striking past
flow obstacles, on the propeller side. These two moments
are analyzed in the present paper.

-

II. STRESS DUE TO VIBRATION OF THE PROPELLER

SHAFT ABOUT AN AXIS AT RIGHT ANGLES TO IT

In the following:

wt -angle of rotation of the propeller blade about the
axis of rotation

o angle of rotatlon of the propeller shaft about an
axis at right angles to it
m blade mass
5 distance of the center of gravity from the blade
root
R ~ R '
J =J/n r2 dm - ry /P r dm with ry as reference radius

for the blade root
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For the calculation, it is recommended to consider
‘e mass-element of the propeller blade (fig. 1), the speed

v of which is computed from the rotation speeds . W and
. Differentiation with respect to time then affords the

‘acceleration and hénce the force of inertia of the nass
element, which, after integration along the whole bdlade

gives the bending moment on the blade root. .

The acceleration at right angles to the Plane of the

propeller disk is divided in two parts.

dv avy dvg
— +
dt at dt
where
vi = r sinw t é; Ve = r cos w t w
whence
d v,
= 2, i
at r (wd coswt + P sin w t)
d vy, — —
= -t d v d-Cp
it rcos ywy tw P because._gga = vy 53
Hevewith the bending moment follows at
Mep = J (P sin w t + 2 wifcos w t).
¢ may be written o = § sin 4 t, wherewith the pre-

ceding expression takes the form

Mp = Jya o) {sin ¥ t sinw % - .2 % cos Y t cos w t1

J

I
0 ey

?3 o {[i + 2 %] cos (y+w) t

- [l - 2 ;J cos (Y-—w)

g
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For ¥ = @ we get
g _ Al
e e 2 - : .
Mo = 3 N @-{ 3 cos 2wt + ;1

On this bending moment, at right angles to the plane
of the propeller disk, is superposed a moment due to the
mass Forces which is released.-by the center of gravityr
motion of the propeller. The amplitude of this vibration
is given by A = - p o where p 1is the distance u» to
the rotation polar; hence we can put x = A sia %¥t, Then
the bending moment in the plane of the propeller disk be-
comes

My = - m s ¥ A sin ¥ ¢t cos wt

gs Y2 A {sin (vy+w) t + sin (v -w) t}

i

2
M, = - = s ¥ A sin 2w t

I1I, STRESS DUE TO VIBRATIONS OF PROPELLER SHAFT

ABOUT TWO AXES AT RIGHT ANGLES TO IT.

If, in addition, the propeller shaft vibrates about
the second axis perpandicular to it with the deflection

vV =VYcos¥t, B=3pV¥, yv=3Bcos¥ 1

so that the propeller center describes an ellipse rather
than a straight line, the bending moment at right aangles
to the plane of the propeller disk becomes

Mo, =J {§ sin Wt+2 w e cos w t+ 2 w ¥ sian w t- cosu;t}
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I _Mm'W?__g{-_Yz [psin ¥ % sin w t - ;D_'cos v t cos wt]

+ 2 wY [d cos Y tcoswt~V¥ sin ¥ % sinwt]}

Mcp,\ii.= J {-9{3-—;—'—‘[[ ['vza + 2 wY] cos (¥ +w.) t

- .@_"2;.1 |:'Y2 - 2 wvY] cos (v -w)'t}

and the respective mass moment

i}

I"IX £} y

b S {% cos wt - ¥ sin u)t}

Mx,y -ms Y2 {% sin ¥ ¢t cos wt - Bcos ¥ t sin w t}

gy =-=ms V2 {A’;‘B sin (Y+w) t-!-‘A';B sin (Y - w) t}

In the specific case of circular vibration, that
=% A= - B (precession in reverse roteation) we e
Heps W = & N = @{[ 1+ Bg]cos (v +w) 1;\t

Y J
My « =

- m s Y® A sin (Y +W) ¢

by precession at constant speed, that is, & = - ¥ and
A .

= + 3,

Ho, ¥

- J v® ¢-{[ 1 -2 gf]cos (v f‘“) t}

- ms ¥? A sin (Vv -w) %

MX:Y

is,
t
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Accordingly the maximum values of the alternating bend-
ing moments are exactly twice as high by the circular
vibration as by one degree of freedon.

FTow, so long as the propeller is carried from the
shaft no all-around elastic attachment of the wropeller
is possible, as it would sag under its own weight. There-
fore the displacement prescribed by the propeller shaft
is alwars shared by the propeller itself, But one method
of mounting should be conceivable by which the propeller
would at least not be forced to join the unstable oscile
lation in its full extent. As is apparent from the fore-
going, the two alternating moments in both instances differ
in phase by 90°, so the moment vector in the blade root
makes one revolution of 360° during one vibration period,.
Since the fatigue strength, at least of isotropiec materials,
depends solely upon the magnitude of the alternating moments
but not on whether they act along onc or all directions of
the cross section, the elimination of the gyroscopic moments
would be of service only if they werec substantially greater
than the mass moments. ©For comparison the bladc moment of
inertia 1is, because of its practically lincar mass dis—
tribution, expresscd with J =m 12/6, wherc 1 = length
of blade, and s = 1/3, whence in the most unfavorable case

2 wz__g' 2,2 A 9)
J N <I><1+2;> 61YP<1+2,Y

My b =
= R _ m 2
Mx,y = = ms Y A= - 3 1Y A
CAR
sty 2P

This ratio becomes greater than 1 for larger values

~of ¥, 1if radial engines with large propellers are involved,
as then 1 1is great relative to p. In the rather frequent
case that the vibration is excited by an unbalance of the
propeller, or ¥ = W, this ratio can become very great;

MCD.\[J . 1.5

M ~ 4

Y, X P
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Still other reasons speak meanwhile for a removal
of the gyroscopic moments.  Added up over all -blades they
combine, in their effect on the propeller shaft and try
to strain it, against which the mass moments mutually
cancel and only pregs the propeller shaft more or less
severly against its bearings. Lastly this type of stress
appears to be detrimental for wooden blades respecting
their attachment in the steel sleeve, which, however,
would first have to be proved by expcriments.

It is to be noted that the previously computed bend-
ing moments by given propcller displacement &, ¥ and 4,
B, represent minimum values, hence may actually become a
multiple of it by increasing resonance.

It is, therefore, apparent that a supplementary shock
absorber that protects the propeller from alternating gyro=-
scopic moments has its advantages, so far as this may be
accomplished, with a minimum increase in welight.

IVe ANALYSIS OF A SUPPLEMENTARY SHOCK-ABSORPTION
SYSTEM BETWEEW ENGINE AND PROPELLER
An analysis, such as this, must proceed from the prin-
ciple that no new critical speeds are crecated in the oper-—
ating speed range and that the gyroscopic moment induced
in curve flight does not tilt the propeller in excess of
109 relative to the airplans.

An attenpt is made to analyze both requirements,

Pigure 2 is a diagrammatic view of a vibration system
formed by elastic suspension.

91' B2 moments of inertia of engine plus propeller mass
about the normal and the lateral axis, respectively.

ci elasticity of cnginc about the normal axis

Co clasticity of cngine about the lateral axis

c elasticity of hub (about all axcs)

Jp, J the respcetive polar and cquatoriai moment of incrtia

of the propeller
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w angular velocity of propeller
Y] angular velbcity of -airplane in banking
Y angular deflection of englne and propeller about

the lateral axis .

p,Q angular deflection of engine and propeller about
the normal axis

v, B angular deflection of englne and uropeller about
- the lateral axis

Then the motion equations of the vibration system
shown in figure 1 read:

~

i
O

I @, %+ cy @+ C (0~ &)

1}
O

I1 © W c -
2 W + Co + (W ﬁ) . >. (l)
III g &+ ¢ (o - @) - Jp wg =20

IV J B+0C(B-V) +Jy,wd&= 04
which, with
o=@ sin ¥ ¢ = A sin v t
¥V = ¥ cos ¥ ¢t B = B cos ¥ ¢t
gives
I (c1+C~-6;Y¥°) § =204 M
I (cy + C - @2 ¥Y®) ¥ =¢C B
III (C-J'YB)A+JPw'YB=Cq>> (2
IV (6 -JY%) B+ JpwyY A=2CT

Multiplying equations I and II in (2) by C and entering
IITI and IV give

fc1+ C - O, vz}{(c - I Y¥®) A+ Iy

WY B}=02A

L
[c2+c-—®a'¥3}{(c-JYé):B+Jpw'YA}=CzB
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The four natural frequencies then follow from the equation
of the eighth order for ¥, left after the elimination of
A and B from (3)e For simplicity we put ¢y = c, = ¢ and
@1 = @ = ® which is approximately correct for radlal
engines, whence (3) gives.

~ ' ‘ + G
'v"‘-'va{-‘l+°+c}~+cc- £2 <2-c >=o 4
778 J Tre AN o (4)
because A = + B. Herefrom the four natural frequencies

are computed from the position of which quantity C is
defineds They should be located so high that the corre-
sponding critical revolutions per minute come far below
the range of service revolutions per minute. However,
equation (4) need not be resolved rigorously, because

C should at least be flexible enough so that the propeller
scarcely joins in the pitching motions of the engine,

that is, the coupling between I, II, III and IV in (1)

is very loose. The coupling factor is

L&
c + C

as on a two-mass system which in this instance must be

of the order of magnitude of < 0.3, 3But in that event
the incorrect coupling frequencies are not much different
from the natural frequencies derived from the uncoupled
equations., They are obtained from (1) by putting o and
B in I and II and ¢ and ¥ in III and IV = O. Then
equation (4) can be written for the simplified case that
the uncoupled pitching motions of the engine about the
normal and lateral axis are equivalent, as follows:

{Yz_&i_g}{Yed:Bw‘(-g}"'o (5)

Herewith the natural vibrations become

— c ’ o] ) v .,
we s R e i EE
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with v.= Yfw. If kj -is the mode of excitation on the
provneller side and kM on the engine side; we get v = kg
in the first instance, and v = ky 1 ia the second; with
i as reduction gear ratio. .Hence, the greater v is,
the less Yz and Y, differ, from each other.

This brings us to quantity OC.

Let aimax indicate the maximum angular velocity of
the airplanc in banking and My the gyroscopic moment,

In order that the propeller cven at Wpgx does not in-

c¢line morc than 10° from its mormal position, it must

—M..k_m_ax‘ . .
¢ =% ()
whereby
My max = Ip Wpax Pnax

wherewith the two natural frequencics of the propeller are:

e
Y3,4 = 3°%J/6max‘ﬁmax iy

v i 2

The thus-dcfincd natural frequencics arc therefore de-
pendent upopn the sizc of the propeller itsclf only to the

extent that the value Wpgy 1s defined by it. To illustrate:

takc a 1500 horscpowercd cnginc with 1 = 1.6 and Wpax =
150s*1, for which in figurec 2 the two natural frecquencies
nz and ns min~t arc plotted against v for a valuc

of Wpax = 2s-3. The natural frequencies n of the
elaostically suspended cngine themselves will be situated
in the ncighborhood of =n, = 1000 min™}, so that all

critical spceds arc well below the specd range of opcration.

The lowest modc of cxcitation would be kL = 3 on the

propeller side and ky = 1.5 on the cnginc side, since

v must be greater than 2 if the higher of the %two natural
froguencics of the propeller is to be ~ble to be excited
at o1l. Accordiag to figurc 3 the higher natural fre-
queney for v = 1.5 x-1,6 = 2.4 is amply high. If the
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conditions are such that -this mode of cxcitation must be

reckoned with, quantity C° ‘'should be lowcred. But, as

before, the propcller would alrcady incl'ind morec than

10° in banking at W, <2“ 1, .stops to prevent this

would be necessary. For cxc1tat10ns of > 3 on the pro-
peller sidec and > 2 on the engine sido wll critical spceds

would remain well below the opecrating spced range ecvén

by morc scvere springlng C.

In conclusion a brlef check of quantity € is made
in view of the coupllng factor formecd by it.

According to cquation (6) we gct a value of
C = 685,000 em kg

with J, = 400 kg cm?, wpayx = 150 87 and Ty = 2 872

If ay is to be =ny = 1000 min~t, that is,

w.=/£—= 105 -1
w=/%

it follows with @ = 1300 cm kgs® and ¢ = 1300 x 11000 =
14,300,000 ecm kg that

. ¢ ’

Horecwith the uncoupling of onginc and vpropelicr pitching
vibration is insurced and the corrcctnass of the approx-—
imatfon of the natural vibrations prowved.

Translation by J. Vanicr,
Notional Advisory Committce
for Acronautics
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A’.e.

o=
Pole of rotation

Figs. 1, 2, 3

x=Asinyt=-pp

Figure l.- Derivation of inertia forces produced on the
blade due to propeller shaft displacement.
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Figure 2.~ Diagrammatic vicw of

vibration system of
engine with elastically mounted
propeller.
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Pigure 3.~ Resonant frequencies ﬁR of

propeller for the various modes of ex-~

A

the elastically mounted

citation v=ki and i'kM'
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